Abstract. This paper emphasizes that the macrodynamics of the terrestrial magnetosphere is more effectively treated in terms of the primary variables B and v (the B, v paradigm). The common practice of relating the dynamics to E and j (the E, j paradigm) provides direct answers in a variety of symmetric cases, but breaks down in even so simple a static problem as a flux bundle displaced (perhaps by reconnection with the magnetic field in the solar wind) from its normal equilibrium position in a static dipole field. The essential point is that a direct derivation from the equations of Maxwell and Newton leads to field equations written in terms of the continuum fields B and v. The equations can be recast in terms of E and j, of course, but they are then unwieldy, being integrodifferential equations. Hence the E, j paradigm, when correctly applied, is seriously limited in its effectiveness in dynamical problems. Circumventing the limitations with the common declaration that E is the prime mover, actively penetrating from the solar wind into the magnetosphere, provides dynamics that is unfortunately at variance with the results that follow directly from Maxwell and Newton. The paper outlines the standard derivation of the basic field equations and then goes on to treat a variety of circumstances to illustrate the effectiveness of the deductive B, v paradigm in the continuum dynamics of the magnetic field and plasma. There is no attempt to develop a comprehensive model of magnetospheric activity. However we suggest that the ultimate task is more effectively attacked with the B, v paradigm.
Introduction
The theory of magnetospheric activity is commonly expressed in terms of the electric field E(r,t) and the electric current density j(r,t), with the view that the electric field drives both the electric current and the bulk plasma motion u = c E x B/B 2, while the current causes the magnetic perturbations AB (r, t). We refer to this formulation as the E, j paradigm. The paradigm works from the basic principles of symmetry, charge conservation, the unperturbed field lines of a static magnetic field [cf. Stern, 1992] , and Ampere's law. The electric field within the magnetosphere is regarded as the active inward extension of the electric field Es = -rs x Bs/c in the solar wind with velocity v s and magnetic field B s. The paradigm provides convenient relations, via the Biot-Savart integral form of Ampere's law, between the electric currents of energetic particles and the associated magnetic field perturbations in static configurations. However the effective application is limited by the fact that the principles of symmetry and equipotential field lines do not apply to nonsymmetric and time-dependent circumstances of magnetospheric activity. Charge conservation combined with the unperturbed field is not always sufficient to provide the essential current paths for computing the field perturbations, even for arbitrarily small static perturbations of a known field configuration. Furthermore, the inward projection of the interplanetary electric field along the magnetic field lines is not applicable unless the convection of the ionosphere is keeping up with the field line convection at the magnetopause so that the field is stationary (0/0t = 0).
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It should be noted that the MHD equations permit surfaces of discontinuity in the circumstances of the planetary magnetosphere, deformed by a quasi-static solar wind. Examples are the magnetopause and auroral sheets. The location of these discontinuities is uniquely defined by the B,v (MHD) equations applied to the continuous fields in the regions between. On the microscopic scales (the cyclotron radii) the surfaces of discontinuity have finite thickness and internal structure that can be described only by the kinetic equations of plasma physics. The macroscopic condition is simply the balance of the total presure across the surface of discontinuity. The treatment is analogous to the treatment of a shock transition in a macroscopic hydrodynamic flow, where the location of the shock transition is determined by the large-scale hydrodynamics, with conservation of mass, momentum, and energy (the RankineHugoniot relations) across the small thickness of the shock. The internal structure of the shock can be treated only with application of the complete kinetic theory. The Birkeland currents j_l. are often "explained" by noting that they are associated with the nonvanishing divergence of the gradient and curvature drifts of the ions and electrons of the magnetospheric plasma. The mathematical relations between the Birkeland current density ill and the plasma presure gradient is then worked out, with the conclusion that the Birkeland currents are caused by the plasma distribution. In another direction, it is sometimes stated that the region 2 Birkeland currents play the important role of shielding the low-latitude magnetosphere from the effects of the magnetic substrom, thereby explaining the observed absence of substrom effects at low latitudes, but in fact these statements are truisms, missing the fundamental point that the region 1 Birkeland currents are induced by the magnetic shear between the polar fields (carded by the solar wind into the antisolar direction) and the surrounding lower-latitude fields, not caught up in the solar wind. That is to say, the region 1 currents follow from Ampere's law in the magnetic field deformed by the tailward transport of flux from the sunward magnetopause. The region 2 Birkeland currents arise in the region of the return flow that is forced by the accumulating magnetic and plasma pressure on the nightside. The return flow is blocked from low latitudes by the extreme adiabatic compression of the particles and plasma that would arise in bundles convected to low latitude [Zhu, 1993] . The intensity of the region 2 current at any given latitude follows from Ampere's law as proportional to the gradient in the Maxwell stress necessary to drive the return flow of the massive v•scous ionosphere. So the Birkeland currents are located where the mechanics of the magnetospheric convection places them. The curvature and gradient drifts are determined by the mechanical deformation of the magnetosphere, rather than vice versa, and are automatically in compliance with the requirements of the mechanical deformation of the magnetic field.
Now the dynamical equations of the
The advantage of the a,v paradigm is that it proceeds deductively from the field equations of Newton and Maxwell, automatically steering the investigation along the central path and bypassing the nonproblems and complicated indirect relations between the secondary quantities.
The basic simplicity of the principal variations of the magnetosphere has been noted for sometime [cf. Sharma et a1.,1993] , and references therein) from the low dimensionality (,,o 3) of the observed variations. This consideration, together with a desire for a more deductive, less ad hoc, theory for the observed magnetospheric activity, again suggests the B,v paradigm with its simple mechanical concepts and convenient field equations. From the point of view of B•v, geomagnetic activity is the mechanical consequence of the turbulent mixing of the magnetopause with the solar wind and magnetic reconnection across the magnetopause. This grabs geomagnetic flux bundles and stretches them back into the goetail at the same time that the pressure of the solar wind compresses the magnetosphere, ,while the plasma and energetic particles within inflate the magnetosphere. In short the dynamics of the magnetosphere is primarily a shoving match between particles and magnetic field, that is between the Reynolds stress and particle pressure on the one hand and the Maxwell stress on the other. The essential point is that these macroscopic stress fields transcend the internal microscopic details of the plasma and its electric currents. If there is a special need to know the microscopic details, they are readily worked out from the macroscopic fields. This is not to say that electric currents and parallel electric fields do not play a key role in special situations, for example creating the aurora and in the expansion phase of the magnetic substorm no electrostatic stimulation of the interior, that is Es by itself does nothing to create convection. What little convection there may be (~ 102m) is driven by the small-scale fluctuations in the magnetopause [Axford, 1962; Parker, 1958 Parker, , 1967a Parker, , b, 1969a Lerche, 1966 Lerche, , 1967 It should be recognized that the situation is different in the laboratory plasma, where the action is often initiated by discharging a condenser bank through the plasma and/or through external current coils. There is one unique reference frame, defined by the laboratory boundaries of the plasma. An enormous potential difference is applied to the boundary of the plasma, in contrast with the equipotential magnetopause. The energy is delivered to the system by the applied and well defined E, causing electric currents to flow and doing work at the rate j ß E. The magnetic fields are caused by j, through Amperes law (i.e., the Biot-Savart integral), and E is clearly the prime mover.
It is interesting to note that the E, j paradigm is also an essential part of the picture, along with B and the dynamics of the individual ions and electrons, in the plasma structure of the ideal stationary magnetopause over the cyclotron radius of the impinging solar wind ions. The magnetohydrodynamic B,v paradigm is not applicable to such small scales, of course, and the problem is nonlocal because the impinging solar wind ions play the role of an initial applied emf, driving currents along the field lines into the ionosphere as an essential part of the stationary equilibrium of the magnetopause. Detailed analysis [Parker, 1967a, b; Lerche, 1967; Lerche and Parker, 1967] shows that the ionospheric resistivity dissipates the currents so that there can be no enduring equilibrium. Eviatar and Wolf [1968] suggest that the microstructure of the magnetopause is dynamically unstable so that the absence of stationary equilibrium is not confronted in nature, leaving some interesting questions unanswered. The same general problem arises in the popular practice of declaring an equivalent electric circuit for a dynamical system, forgetting that the current paths are generally not known until the dynamical problem is solved and B is known and forgetting that the effective electromotive force depends upon the motion of the current path across the magnetic field, which is not known until v has been determined. In fact, the correct electric circuit is distributed over v(r, t), and its proper description is precisely stated by the dynamical equations for B and v, from which ]• and j are easily computed once B and v are determined. Section 11 provides a simple illustrative example.
The B, v Paradigm
Application of the B, v paradigm to the active planetary magnetosphere [Parker, 1962] is based on Newton's equations of motion, including the Maxwell stress, and on Maxwell's equations, along the lines indicated in the general development of the paradigm by Lundquist [1952] and Elsasser [1954] . The mutual consistency of the equations becomes evident upon close inspection. For instance, Maxwell's equations assert that electric charge is conserved, which is tantamount to asserting conservation of particles, and hence mass. Then Newton's equations can be applied to the motions of the individual ions and electrons of a collisionless plasma to compute the mean electric current density. Substituting the resulting expression for the current density into Maxwell's equation
0E
= cV x B-4•rj
Ot yields Newton's equation of motion for the macroscopic bulk motion of the plasma [Parker, 1957] . Thus the particle dynamics is such as to fulfill Ampere's law automatically. This detailed result, There are occasional and important exceptions, of course, as already noted. The most intoresting addition to the induction equation is a significant electric field Ell parallel to B, arising where the plasma is too tenuous to carry the electric current demanded by Ampere's law. A case in point arises in the region 1 Birkeland currents in the extremely low density (•< 1 electron/cm a) beyond the plasmapause. The appearance of the mrm --cX7 x Ell on the right-hand side of (5) violams the frozen in condition on the field [Coroniti and Kennel, 1973; Schindler et al., 1991] . If, on the other hand, the plasma, or an un-ionized gaseous background, becomes so dense that there are many inmrparticle collisions, as is the case in the ionosphere, a resistive diffusion ransot r]i j is included on the right-hand side of (5), which also gets away from the frozen in condition.
With these points in mind a variety of magnetospheric phenomena can be understood in simple mrms from the disturbed conditions in inmrplanetary space [Tsurutani et al., 1990; . For instance, the expansion phase of a substorm appears to be the direct consequence of switching on the same Ell that causes the auroral enhancement [Zhu, 1995] . That is to say, the region 1 Birkeland current sheet is a consequence of the tailward displacement of magnetic flux, and when the current density becomes large enough to generate plasma turbulence (anomalous resistivity and electric double layers) the required Ell becomes large. Calculations show that the Ell releases the magnetic field in the outer magnetosphere from its line tying to the ionosphere, thereby facilitating the expansion of the geotail. The sudden release appears to be the cause of the Pi 2 pulsations (Zhu, 1995) .
The direct approach of the u• B paradigm to the driving forces, Pij, Rij, Mij, etc. simplifies many aspects of the theory of magnetospheric activity. The first point is that the current j flows across B where, and only where, the plasma pushes against the field. Where the plasma does not push against the field, j is necessarily parallel to B. So it is the plasma and particle pressure distribution that determines the electric current patterns, which cannot otherwise be construcmd. Hence the assertion of an equivalent electric circuit generally cannot be made until the plasma pressure and Maxwell stress have been established. That means a proper dynamical solution to the problem must be in hand. For instance, the region 1 and 2 Birkeland currents follow as a direct consequence of Ampere's law applied to the magnetic flux bundles displaced by the solar wind from the sunward magnetopause into the geomagnetic tail and to the ensuing sunward return flow of field around the periphery of the polar ionosphere [Zhu, 1993] . 
for the perpendicular and parallel pressure components based on the transverse and longitudinal invariants of the particle motion.
Consider, then, the assertion in section 3 that the equation of motion (7) can be deduced from Maxwell's equation (1) 
Electromagnetic Force, Momentum, and Energy
The intimate relation between Newton's and Maxwell's equations described in section 3 and section 4 is implied by Poynting's classical theorem, establishing the equivalence of mechanical momentum and energy and electromagnetic momentum and energy.
We provide a brief review of the basic principles. Newton's equation for electrically charged particles in an electromagnetic field Es 
where in ½ij k is the usual permutation tensor. It is convenient to rewrite the left-hand side of (18) three dimensions, is dominated by the isotropic pressure [Parker, 1953 [Parker, , 1954 [Parker, , 1969b [Parker, , 1979 . That is to say, a magnetic field, if left to itseft, expands to fill all of the available space, thereby minimizing its energy. The solid Earth provides the forces that anchor the geomagnetic field, of course, and the quiet-day field in the region around Earth adjusts itseft into the minimum energy configuration consistent with that constraint and the confining magnetopause.
Finally, note that the foregoing results apply at every point in the electromagnetic field, and therefore they apply to any averaging over many particles to provide a macroscopic fluid formula- 
The total particle energy oe is then hlU.
Assuming that there are enough background thermal electrons, the electrostatic forces maintain local charge neutrality. If follows from conservation of charge that the drift current J bifurcates into two field-aligned currents, each of surface density Jll -1 • J flowing away along the fieldlines from the back end (toward negative x) of the rectangle. It also follows that two field aligned currents Jll converge from each side to flow into the front end of the rectangle, sketched in Figure 1 . The closure of the current system across the ionosphere in the neighborhood of the dipole at the origin is assumed to be nondissipative, so that U is conserved for a steady state. (In fact, the terrestrial ionosphere is dissipative and the energy oe is slowly degraded [Parker, 1966] ). In the present idealized (dissipationless) state, it follows that JII-cU/aB(a).
(57) Stern [1992] Now consider the path of the flux bundle from its displaced apex at the equatorial plane inward to the dipole at the origin. In the B, v paradigm the path is calculated from the optical analogy [Parker, 1981a [Parker, , b, 1989 [Parker, , 1991 [Parker, , 1994 The flattening of the flux bundle implies that the cluster of ions at the apex in the equatorial plane is also flattened to some degree. The dynamics of the flattening of the cluster presents an interesting problem, particularly when combined with the field-aligned currents and the associated ionospheric dissipation.
Isotropic Particle Distribution
Consider briefly the problem of computing the deformation of a dipole field by various particle distributions. $ckopke [1966] provides a general result for a axially symmetric equilibrium shell of energetic ions with arbitrary pitch angle distribution. Here we take up the example of a single elemental flux bundle in a two dimensional magnetic dipole inflated by plasma with isotropic thermal velocity, for which the plasma pressure p is uniform along the flux bundle. We neglect the small loss cone that arises in the presence of a solid Earth at w = R, causing the plasma pressure to fall to zer• as zv nears R. The purpose of the example is to illustrate the utility of the optical analogy in the B, v paradigm. 
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In the limit of small R/L, Note that the electric current density j is j -ne(w-u) 
Vy -ayt + Uy(z), 
Equivalent Electric Circuit
The E, j paradigm has led to the idea that various aspects of the magnetosphere can be represented by a fixed electric circuit, to which Kirchhoff's laws can be applied to deduce the dynamical properties of the magnetosphere. It is declared that j is channeled through the path of least ionospheric resistivity, and it is declared that a change in the parameters anywhere around the circuit necessarily effects the current flow everywhere else around the circuit, just as it would in a rigid electrical loop circuit of wires, resistors, inductances, applied emfs, etc. in the laboratory. Unfortunately, the magnetosphere is not a rigid body so that the circuit analogy has only limited use. The linear variation is a consequence of the vanishing or declining time rate of increase of bz(L, t) in the limit of large time t. The local Lorentz force in the ionosphere is proportional to oqb/oqz and is asymptotically uniform over z.
